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Abstract
A crystal-diﬀraction experiment is discussed to test weak equivalence principle for neutrons. The idea of the
experiment is based on essential magniﬁcation of any external force, acting on a neutron under diﬀraction at the
Bragg angles close to the π/2 for Laue diﬀraction case. The enhancement factor from diﬀraction for neutron trajectory
”curvature” in the crystal due to an external ﬁeld can reach magnitudes of about ∼ (108 − 109) in comparison with a
”free” neutron in the same ﬁeld. Hence, the accuracy to measure the ratio of inertial to gravitational neutron masses
can reach ∼ 10−5, that is about one order higher than best result.
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1. Introduction
The principle of Equivalence (PoE) is one of the bases of the fundamental physics. Direct experimental tests of
this principle were started more than a century ago [1]. A review of modern situation of laboratory tests of PoE for
macroscopic bodies can be found in [2]. The accuracy of such experiments is very high and for macroscopic bodies
PoE conﬁrmed on a level ∼ 10−13 [3, 4].
However, the situation with the test of PoE for elementary particles is not so optimistic. Neutron gravity interaction
was investigated before by using a neutron interferometer [5, 6] and diﬀraction grating [7]. Modern accuracy is lying
on a level 10−3 − 10−4. Moreover there are some discrepancies between experimental results and theory on a level
∼ 10−2 [8]. Besides, discussion about compatibility of PoE with quantum mechanics is continued up to now, see for
instance [9, 10]. A more detailed analysis of current status of neutron gravity experiments can be found in [11].
In our experiment we propose to use known eﬀect of diﬀraction enhancement when a small variation of the
incident beam direction leads to a considerable deﬂection of a neutron trajectory inside a crystal [12]. The neutron in
the crystal changes the momentum direction by the angle of 2θB (by several tens degrees) while the incident neutron
beam deﬂects by the Bragg width (within a few arc seconds) [12]. There are some proposals to utilize this eﬀect for
measuring a neutron charge [13] and for the investigation of gravitational properties of a neutron falling in the Earth
ﬁeld [14]. Inﬂuence of gravity on neutron diﬀraction in a deformed single crystal was ﬁrstly observed in the work of
ref. [15].
Recently an essential increase of the neutron stay time in a crystal for Bragg angles close to π/2 has been observed
at the WWR-M reactor (PNPI,Gatchina) [16]. Any eﬀect concerned with an external forces acting on a neutron
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depends on the interaction time, so we expect a considerable increase of sensitivity to a small external forces for
Bragg angles close to the π/2.
2. Laue diﬀraction
Here we consider the symmetrical Laue diﬀraction scheme in a transparent crystal with the system of crystal-
lographic planes described by the reciprocal lattice vector g normal to the planes (see Fig. 1), g = 2π/d, d is the
interplanar distance. In this case, the neutron wave function in a crystal will be a superposition of two Bloch waves
ψ(1) and ψ(2) corresponding to two branches of the dispersion surface [17]. A more detailed description of the method
can be found in [18].
Figure 1: Symmetrical Laue diﬀraction scheme for ﬁnite perfect crystal. jψ(1) and jψ(2) are the neutron ﬂuxes (”Kato trajectories”) for two Bloch
waves
Any deformation of a crystal means that the value and/or direction of vector g are diﬀerent for diﬀerent points
within the crystal, i.e. g depends on the spatial coordinates Y and Z. Neutron Laue diﬀraction in a weakly deformed
crystal can be described by so called “Kato forces” [19], which are directed along the reciprocal lattice vector g and
their values are determined by the value of crystal deformation [15]:
fk(y, z) = − k04 cos θB
(
∂
∂z
+
1
c
∂
∂y
)
α(y, z), (1)
where k0 is the neutron wave vector in the crystal, θB is the Bragg angle and
α(y, z) =
g2 + 2(k0 · g)
k20
(2)
is the parameter of deviation from the exact Bragg condition. Eq. 1 is valid for the crystal deformations much less
than the Bragg width.
The neutron ”Kato trajectories” for two kinds of Bloch waves in the crystal (describing a behavior of the neutron
density ﬂuxes jψ(1) and jψ(2) ) are determined by the equation
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∂2z
∂y2
= ± c
m0
fk(y, z), (3)
here c ≡ tan θB and m0 ≡ 2Fgd/V is the so called ”Kato mass” with Fg the neutron structure amplitude and V the unit
cell volume. The sign ± in equation (3) corresponds to diﬀerent Bloch waves.
As it follows from the equations (1) and (2) the ”Kato force” arises due to the dependence of the deviation
parameter α on the spatial coordinates Z and Y. Therefore, putting an undeformed perfect crystal in a force ﬁeld
aﬀecting the neutron along the reciprocal lattice vector g, we will have the same result as for a deformed crystal. An
external ﬁeld aﬀecting a diﬀracting neutron was considered in [14] and inﬂuence of gravity on a neutron diﬀraction
in an elastically bent crystal was experimentally observed [15].
3. Inﬂuence of an external force
It is easy to show that an external force Fn acting on a neutron along vector g (Z axis, see Fig. 1) is equivalent to a
gradient of interplanar distance with the value
ξf =
Fn
2En
, (4)
where En is the neutron energy.
Therefore the neutron trajectory equation in the crystal in the presence of an external ﬁeld will have the form
∂2z
∂y2
= ± c
2g
2m0
Fn
2En
. (5)
Let’s compare this equation for the ”Kato trajectory” with that for a usual trajectory of a neutron under the same
external ﬁeld in free space. The last one is described by usual Newtonian equation which has the form
∂2z
∂y2
=
Fn
2En
. (6)
As it follows from (5) and (6) the ”curvature” of the diﬀracting neutron trajectory in the crystal is magniﬁed by the
factor
Ke = ± c
2g
2m0
. (7)
This factor depends on the Bragg angle as c2 ≡ tan2 θB, so for Bragg angles θB ≈ (84 − 88)0 inﬂuence of deformation
can be intensiﬁed by a factor ∼ 100 − 1000 as compared with a Bragg angle of ∼ 450.
The numerical calculation of the factor Ke for (220) silicon crystallographic planes gives
K(220)e = ±0.85 · 108, (8)
for a Bragg angle θB = 870 (c=20).
Therefore, a 10 cm long crystal is equivalent to ∼ 1 km of free ﬂight. The diﬀraction enhancement of the angular
deﬂection of a neutron trajectory inside a crystal is well known, see for instance [12], but we have to note that such an
eﬀect can be considerably magniﬁed by an additional gain factor proportional to tan2 θB for Bragg angles close to π/2
[20]. The observed eﬀects give us a chance to build a device with unprecedented sensitivity to external force acting
on a neutron.
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4. Scheme of the experiment
A scheme of the experiment is shown in Fig.2. The necessary high collimation of the beam was provided by the
ﬁrst crystal with slits placed on entrance and exit faces, see [12]. An external force which is parallel to the reciprocal
lattice vector curves the neutron trajectories inside the crystals. This results in a shift of the neutron beam along the
exit surface of the second crystal of:
Δ1F(1, 2) = ±
π c2L2
m0d En
Fn ≡ ±Δ1F , (9)
where ± corresponds to the two type of Bloch waves exited in a crystal.
For the case of an absorbing crystal the amplitudes of Bloch waves ψ(1) ψ(2) will be diﬀerent due to the Borman
eﬀect [17]:
a(1,2)0 (Γ) =
1
2(1 − Γ2)1/4
√
1 − Γ
1 + Γ
· exp
( −L
cos(θB)
(
Σ0 ± Σg
√
1 − Γ2
))
, (10)
a(1,2)g (Γ) =
1
2(1 − Γ2)1/4 · exp
( −L
cos(θB)
(
Σ0 ± Σg
√
1 − Γ2
))
, (11)
here a0 and ag are the amplitudes of direct and reﬂected beams, Γ = x/(2L tan(θB)) is a deviation from the exact Bragg
condition (x is the coordinate along the exit surface of the crystal), Σ0 = 1V
∑
i
σIi and Σg =
1
V
∑
i
e−igriσIi are the zero
and g-harmonics of the absorption. After averaging over Pendello¨sung oscillations which arise due to the interference
of ψ(1) and ψ(2) we get the shift of the neutron beam along the second crystal exit surface
ΔS = Δ
1
F
(a(1)(0,g))
2 − (a(2)(0,g))2
(a(1)(0,g))
2 + (a(2)(0,g))
2
= Δ1F · tanh
( −2L
cos(θB)
Σg
√
1 − Γ2
)
. (12)
For the case of strong absorbing crystals and a large Borman eﬀect , i.e. Σ0 ≈ Σg and 2LΣg/(cos(θB)) >> 1,
ΔS = Δ
1
F =
π c2L2
m0d En
Fn. (13)
Figure 2: Two crystal scheme of the experiment.
The resolution of the external force, i.e. magnitude of force then the neutron beam shift ΔS is equal to the slit size
δs, is equal to:
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FW =
m0d En
π c2L2
δs (14)
One of the applications can be connected with the measurement of inertial to gravitational neutron mass ratio. Our
Earth is moving at a stationary orbit around the Sun, it means that the gravitational force which is proportional to the
gravitational mass is in balance with the centrifugal force which is proportional to the inertial mass. If this is not the
case for free neutrons, then in the coordinate system connected with the Earth a free neutron will see a non zero force2
Fm =
(mi − mG) ·GMS
R2S
≈ ΔGi · 6 · 10−4mGg (15)
where mG and mi are the neutron gravitational and inertial masses, G is the gravitational constant, MS is the mass
of the Sun, RS is the distance to the Sun, ΔGi ≡ (mi − mG)/mG. Moreover, this force will oscillate in the laboratory
coordinate system with one day period due to the Earth spinning motion, see Fig. 3.
Figure 3: Position of the setup relatively to the Sun. gc is the setup orientation.
5. Test of the setup luminosity
A pilot variant of the setup was recently mounted at the WWR-M reactor (PNPI, Gatchina) and an experimental
test of the setup luminosity was done. We used the (220) silicon crystallographic plane and the crystal size was
120 × 120 × 220mm3. The count rate of the reﬂected neutron beam intensity N(θB) is shown in Fig.4. One can
see that even for the Bragg angle of ∼ 870 there is a nonzero intensity despite the huge eﬀective crystal thickness
Leﬀ = L · tan(θB) ∼ 4m.
The corresponding setup statistical sensitivity δ(Fm)−1 ∼ √N(θB) · ΔS is shown in Fig.5. One can see that the
sensitivity increases up to 870, despite the dramatic reduction in count rate compare Fig.4. The count rate, extrapolated
from the neutron beam parameters of WWR-M reactor (beam size 5 × 0.5cm2 and ﬂux Φ = 3 · 106n/(cm2Ås)) to a
high ﬂux cold neutron beam (size 8× 1cm2 and Φ = 109n/(cm2Ås)), give us an intensity about 2 · 102n/s for θB  860.
Therefore, for the case of (220) silicon crystallographic plane, crystal size L = 10cm, δs = 1mm, and a Bragg
angle θB = 860 the value of FW, see (14), can be
FW = 1 · 10−13eV/cm  10−4mng (16)
and statistical uncertainty to the force can reach
δ(Fn) ∼ 2.5 · 10−17eV/cm  2.5 · 10−8mng (17)
2The idea of this experiment is an analogue to the well known Eo˜tvo˜s experiment for the equivalence principle checking [1]
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Figure 4: Count rate dependence on a Bragg angle for the (220) silicon crystallographic plane and a crystal thickness of 220 mm.
Figure 5: Dependence of the setup statistical sensitivity δ(Fm)−1 ∼ √N(θB) · ΔS on a Bragg angle.
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for a modern neutron beam ﬂux and per day of statistics accumulation. This corresponds the uncertainty to the ratio
of inertial and gravitational masses, see (15), equal to
δ(ΔGi) ∼ 4 · 10−5. (18)
6. Conclusion
The main conclusion of this work is that a statistical uncertainty δ(ΔGi) ∼ 4 · 10−5 can be reached per day for the
available silicon crystal and cold neutron beam ﬂux.
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